Observed events of ultra-high energy cosmic rays may indicate a hard component for the energy spectrum of their flux, which might have origin in the decay of long-lived vortons either condensed in the galactic halo or distributed uniformly in the extragalactic space. To be consistent with the needed present density, vortons should have been formed in the breaking of an abelian symmetry contained in a large GUT group like E 6 and a part of them should have survived the destabilization caused by the electroweak transition.
I. Introduction
The events of ultra-high energy cosmic rays (UHECR) corresponding to primary energy above 10 19 eV are difficult to explain 1 with conventional astrophysical objets, both regarding their acceleration mechanism and propagation towards the earth due to the interaction with the cosmic background radiation 2 (CBR) if the source is beyond ∼ 50Mpc. A possible solution of this enigma is given by the so called top-down mechanism 3 where long-lived very massive microscopical objects decay producing the UHECR, plausible because so far the events of the latter appear to be roughly isotropic.
In any case the top-down mechanism would imply physics beyond the standard model of particles and their interactions (SM). One alternative corresponds to superheavy relics 4 , quasi-stable because their interactions with the known particles are of gravitational order, which might belong to the hidden sector where supersymmetry is broken. Another possibility is given by cosmic strings 5 formed in the phase transition due to the breaking of a symmetry at the scale of a grand unification theory (GUT). Though the ordinary Kibble strings 6 consisting of Higgs and gauge fields might explain 7 the UHECR using their flux to normalize the model, either the insertion of monopoles forming necklaces 8 or the superconducting Witten strings 9 with the addition of fermionic fields which give quasi-stable closed loops called vortons seem more suitable.
It is the purpose of the present work to analyze the details of vortons as source of UHECR. It had already been seen 10 that they may produce the global flux above 10 19 eV provided their density is dramatically reduced during the electroweak transition in a way that might generate the matterantimatter asymmetry of the universe 11 . We now describe the energy spectrum of the flux produced by the decay of a superheavy boson emitted by the vorton and conjecture, because of the hadronization of the resulting quark, that it can constitute the hard component that might emerge above the GZK cutoff according to the recent presentation of events 12 . It is seen that the softening caused by redshift if vortons are distributed uniformly in the space is not possible to be distinguished at present from the case where they are concentrated in the galactic halo, though in the former situation a depression due to the GZK cutoff might be followed by a recover of the spectrum 13 .
We then face the difficult problem of the dynamics of strings, crucial for determining the vorton density before and after the electroweak transition. We assume that superconductivity appears at the same scale of the string formation and evaluate that the delay in the stabilization of vortons is not too relevant to reduce their density. When the universe cools to the electroweak temperature, we fix the conditions for the rate of destabilization of vortons due to disappearance of the Dirac zero-modes which allowed the superconductivity of exotic quarks and the replacement with those of ordinary fermions. The result is that the collapse of the most abundant short vortons is sufficiently gradual to avoid the reheating that would dilute the baryogenesis, and the surviving long ones succeed in absorbing the ordinary fermions with parameters such that allow the density and lifetime necessary to explain the UHECR.
Finally we discuss which is the possible GUT group consistent with our mechanism. We see that SO(10) is not adequate since at GUT scale only vortons with ν R might be formed, which could not give the baryogenesis at the electroweak transition where it is moreover unlikely that long loops might be stabilized by ordinary fermions. On the contrary, E 6 is suitable for our purposes because at high temperature vortons with exotic quarks may be formed linked to zero-modes that subsequently disappear at electroweak scale due to mass effects of the light Higgs, whereas new zero-modes for ordinary fermions are allowed by the existence of two additional abelian symmetries of the model apart from the electromagnetic one.
II. Energy spectrum of UHECR flux from vorton decay
If we consider a density n(t) of vortons each one having at time t a probability Γ per unit time of emitting UHECR observed on earth, the total flux of the latter here will be
where a is the scale parameter of universe, t 0 is the universe age and t in is an initial time which depends on the assumed distribution of vortons but in no case is smaller than that which by redshift produces energies at least ∼ 10 19 eV.
We assume that the vorton emits by tunneling a superheavy particle X, Higgs or gauge boson of GUT scale, which very quickly decays in quarks and leptons, the former giving the UHECR by hadronization. We will consider two cases: the more plausible one in which vortons, behaving as nonrelativistic particles, condense in the galactic halo, and the other extreme alternative in which they are still uniformly distributed in space.
A. Condensation in halo
In this case redshift may be neglected and Γ = Nc τ , where τ is vorton lifetime for emission of X and N c is the number of UHECR produced by the decay of the latter. Then the total flux will be
where ∆t ∼ 50kpc due to the halo size. As it will be seen in the next section, with τ larger than t 0 and n h (t 0 ) a fraction of the dark matter in the galactic halo, a flux of UHECR of the expected order is obtained. We now turn to the energy spectrum F (E) such that
where the limits of integration correspond to the UHECR range. From the probability distribution
the flux spectrum will be
To compare with observations, one must average on the intervals ∆E i separating neighbouring particles in energy
If events are equally spaced in log E, which is plausible in hadronization with QCD as it will be discussed below,
corresponding to a hard component compared with the standard behaviour for lower energy which is roughly F (E) ∼ E −3 .
B. Uniform distribution in universe
Since we consider vortons as quasi-stable particles, if we assume a uniform density n u (t 0 ) at present, from Eq.(1) the spectrum at earth will be
where the lower limit is approximatively the matter-radiation equivalence time t eq in order to include into UHECR particles redshifted from ∼ 10 24 eV. If we disregard the attenuation due to interaction with CBR, the probability distribution is the same as Eq.(4) but referred to emission energy 14 
where the relation with observed energy is given by redshift z
Therefore the spectrum Eq.(8) becomes, being t 0 >> t eq ,
The total flux for UHECR defined for E > E 0 is, with E 0 < E i ,
Averaging the spectrum in intervals defined for convenience as
and with the above hypothesis of ∆E j ∼ E j
it is clear that redshift will produce a slight softening of the law 1 E j through the bracket factor.
C. Comparison with observations
Considering that the probability per unit time for a vorton to emit particles with energy between E L ≃ 10 19 eV and E H ≃ 10 24 eV from the decay of X is
a definition of the average on intervals as
gives, from Eq. (15) , N c ≃ 10 which is a generally accepted value. This is consistent with the total energy emitted by a vorton per unit time, being
Therefore we may take the equally spaced particles in log E according to E For the vortons condensed in the halo, since from Eq.(6) the flux in each bin is the same, one may roughly normalize it at the observed value for 10 19 eV i.e. n h (t 0 ) 4π
Being the mass of a vorton ∼ N L m X and representing a fraction f of the halo density ∼ 0.3
so that for τ ∼ t 0 and N L ∼ 10 3 , a fraction f ∼ 10 −4 of dark matter is enough. More precisely, from the recent presentation of data shown in Fig.1 , there seems to be an extragalactic component above the "ankle" and then the hard component dominating beyond the GZK cutoff. In this way the contribution of vortons is a small part of flux at 10
19 eV and f may be even two orders of magnitude smaller. The fact that our fit normalizes the hard component at ∼ 10 20 eV allows to reproduce data with m X ∼ 10 15 GeV at variance with a similar discussion for superheavy relics 15 . If we instead consider vortons uniformly distributed, they must constitute a fraction of the critical density of universe ρ c (t 0 ) ≃ 10
Disregarding the redshift depression and GZK cutoff J = 20 to 10 21 eV. Therefore the fraction f of dark matter (DM) should be one order of magnitude larger than in the case of condensation in halo.
In conclusion more statistics might distinguish the two cases by the spectrum, and perhaps more clearly by the isotropic feature of uniform distribution compared to the anisotropy in favour of larger mass concentration in the halo case. One must remark that the uniform distribution is critically constrained by the diffuse gamma flux at GeV scale from EGRET requiring a low extragalactic magnetic field ∼ 10 −12 Gauss. The hard component Eq. (7) appears from accurate calculation 15 with QCD but it is also suggested by semiquantitative arguments. On one side the quark which comes from decay of X may be considered as a ultrarelativistic particle suffering a constant force due to friction. Therefore the decrease of its momentum is proportional to time and since this corresponds to hadronization, to produce a more energetic particle it takes more time, i.e. the law of Eq. (16) follows. In another way, the hadronization results from the emission of a gluon with energy similar to that of the quark and close to its direction. Thus the transition amplitude is ∼ 1 E and the number of final states EdE to keep a fixed angle around the quark, i.e. the probability of hadronization from vorton
is Eq. (16) . All what said in this Section is valid both for vortons and superheavy relics. The next one will be devoted to dynamics of vortons to discuss in which way they may have the required density for UHECR.
III. String dynamics and vorton densities
The dynamics which may lead to the vorton density necessary for UHECR consists of several stages. First of all we will discuss the possible vorton density above the electroweak (EW) transition temperature. According to the Kibble mechanism, the number density of vortons at the temperature T f of their formation is
where L min is the minimal distance below which there are no inhomogeneities. Once vortons are formed, their density evolution corresponds to quasi-stable particles in an expanding universe
If vortons could be formed 16 in the friction stage of strings produced in a phase transition of GUT scale T X , L min is a sort of average between the string damping time τ d ≃ T 2 X T 3 and the Hubble time
For this to be true the temperature T σ at which string superconductivity appears, i.e. when the x-y Dirac equation in presence of bosonic string fields has zero-modes that give way to chiral carriers along the string axis, must coincide with T X , feature depending on the GUT model. Moreover the time necessary for fermions to be absorbed by the string forming protovortons and subsequently for getting rid of excess of energy to reach the optimum radius of stabilized vortons must be short to stay in the friction regime T > 
and provided T f is close to T X the large density
is enough to produce the expected matter-antimatter asymmetry if most of vortons are destabilized at the EW transition 11 . According to some approches 17 , it is hard that vortons can be formed in the friction stage of string dynamics. We will adopt the phenomenological criterium of seeing whether the fermions can be absorbed by the Kibble string to give way to a protovorton before the loop collapses. We then start from
assuming, subject to consistency, that the process is fast enough to disregard the universe expansion and with the simplification of considering a fixed number of fermions to be incorporated to the string. The fermion density outside the string will therefore correspond to a radiation mode at GUT scale n o ∼ T 3 X . We require that the density inside the string passes from zero at the time of Kibble string formation t = 0 , to a final value n i in one direction due to field fluctuation such that
≃ N , where L p is the protovorton length, 1 T X its width and N the number of carriers. The probability per unit time of fermion absorption α = α 0 √ 1 − v 2 will include the Lorentz factor for time dilatation due to the loop velocity of contraction v which is qualitatively consistent with the statement that vorton formation is more difficult for large velocity 17 . The probability in the rest frame must be α 0 = h m X because it increases with the difference between the mass of the fermion outside due to symmetry breaking at GUT scale and its zero value inside the string which favours its flow there. h is a free parameter which is presumably smaller than 1 if the mass of the exotic fermion is smaller than that of the GUT gauge boson as occurs for most of ordinary fermions compared to EW bosons. Therefore we require from Eq.(26)
for ∆t smaller than the collapse time of string . Since the protovorton must subsequently lose the excess of energy to reach stabilization as a vorton of length
, the original length of the string will be L 0 > L p > L v . For the step between the formation of the Kibble string of length L 0 up to the absorption of N carriers to have a protovorton of length L p we consider that the loop contracts due to the tension µ = m 2 X , which is also the energy per unit length, according to
The result is
which, inserted into Eq.(27), gives
where This corresponds to the delay between protovorton and vorton. The former has an energy
where, to the Kibble contribution of the first term, the kinetic one for massless fermionic carriers is added. Vortons are the classically stable loops corresponding to the minimum of E. But on top of the energy E of the ground state of the string Eq.(31), for the protovorton one may add the energies corresponding to the possibility of twisting of its N pieces. The energy of each twist may be taken as
because for L >> L v it is reasonable that it corresponds to the current, e being the charge. When L → L v , E t → ∞, indicating that only the plane state of the vorton is possible. As a consequence, the thermodynamical calculation of minimization of total free energy F tot = E + F must be done with F = −T ln Z in terms of the partition function
where m is the number of twists. F tot (L) is a function flatter than E(L) but with the same minimum. Its variation is given by
where µ is the chemical potential for the protovorton but, being the last term equivalent to −dE, the equation to be solved involves in the left hand side only the variation of the partition function of twists. Since moreover the second term on the right hand side is small because it corresponds to the reheating produced by the disappearance of a piece of protovorton transformed into radiation, being at this stage the density of protovortons much smaller than that of the radiation, Eq.(34) reduces essentially to
Eq.(35) is solved numerically with the condition that at the final stage, when the stabilized vorton is reached, v = 0. Taking e ≃ 0.3 the partition function is evaluated for the two contributions N E t < T and N + 1 E t > T as Z = Z 1 + Z 2 with
Thus Eq.(35) allows to go back step by step obtaining the velocity for each possible initial protovorton length. As said before, the end of the absorption of fermions must be joined to the beginning of the process of stabilization of protovortons. In Fig.3 the two cases of h = 1 5 and h = 1 13 are shown. From these curves the total interval of time from the formation of the Kibble string to the birth of the stabilized vorton may be obtained according to
The results are respectively ∆t tot = 3.2 x 10 −38 sec and 4.5 x 10 −38 sec for the two cases of h.
Therefore, since the time after big bang of the GUT transition is at least 10 −36 sec, the delay for the formation of vortons appears to be small and their density Eq.(25) should hold.
The next step is to analyze what happens to vortons, whose density evolves according to Eq.(25), when the universe cools down to the temperature T EW for the electroweak transition. If the GUT model is such that the zero-modes for heavy quarks disappear, most of vortons collapse and the non-equilibrium process may allow to produce the needed matter-antimatter asymmetry 11 . But if all vortons lose these zero-modes instantaneously the reheating would be so large that the baryogenesis would result very much diluted 18 . The rate of destabilization of vortons depends on the model, and presumably it is due to the mixture of Higgs mechanisms at GUT and EW scales where the latter is responsible for the loss of zero-modes which allowed the exotic fermion to be stable inside the string. Therefore it is likely that, being the rate of decay of the fermion outside the string ∼ α GU T m X , the rate of destabilization of vorton is
which is smaller than the Hubble parameter at the beginning of the EW transition thus smoothing considerably the reheating effect.
Also depending on the model new zero-modes, this time corresponding to ordinary fermions, may appear at the EW temperature. Then vortons stabilized by them may be formed. But since the loops are collapsing due to the loss of the original zero-modes, one has to see whether the ordinary fermions succeed in being absorbed to reach the required density before the strings disappear. It is understandable that the surviving vortons will be the long ones.
The parameters corresponding to vortons will be different from the ones at GUT scale due to the fact that the string is composed now by superheavy bosons X in its inner core and by the EW bosons in the outer part. It is conceivable that the energy per unit length is a sort of average of the two scales µ ∼ m X m W and since the total mass is ∼ N m X the average string length will be L ∼ 
due to the fact that ordinary fermions might be also in the outer EW part. An argument similar to the one following Eq. (26), and since outside the string now n o ∼ T 3 EW , indicates that
which requires ∆t < N T EW . From Eq.(39) it is clear that this can be satisfied only if N is large and not for the most abundant vortons with N ∼ 10 . Hopefully N ∼ 1000, suitable for our purposes, is large enough.
According to the discussion of Sect.2, the ratio of the density of long vortons N L ∼ 1000 which allow to produce UHECR and that of short ones N ∼ 10 Eq.(25) which would give the expected baryogenesis should be
It is a very delicate matter to explain this ratio. The first naive idea would be to compare it with that of the corresponding Boltzmann factors at GUT temperature which gives e −1000 e −10 i.e. a number extremely smaller than Eq.(41). Then, thinking that statistics should be applied to protovortons and not to vortons, and knowing that from Eq.(28) which is not enough.
But finally one must remember that, at variance from vortons which are plane, the protovortons which originated them may be rough and therefore have entropy. Thinking that a protovorton is a chain of N objects that can be horizontal or vertical, the degeneracy before considering the energy of twists is d ≃ 2 N , which can enlarge the density of long vortons in such a way that Eq.(41) may be satisfied.
Another important point is to assure that the vorton lifetime for emission of an X is at least of the order of the universe age to allow the production of UHECR in recent times. The estimation may be done through the bounce instanton where, to simplify things, we consider the vorton as planar so that the Euclidean action S E may be taken as the difference of the threedimensional energy of a tube which contracts emitting an X and that of the non-contracted one. The most important contribution to this difference will be given by the gradient of the GUT Higgs field Φ so that
∆Φ ∼ m X because it is the scale of GUT vacuum. 
which, as an order of magnitude, ensures τ ≥ t 0 for N L ∼ 10 3 . In this way we have proved the feasibility of the mechanism for UHECR according to Eq. (19) .
IV. GUT models and possible vortons
To build a Kibble string it is necessary to break an abelian U(1) symmetry different from the electromagnetic U(1). If the model is simply
one such infinite string is stable. But if U (1) is contained in a larger group G, a discrete symmetry Z N of the continuous U(1) must remain unbroken to avoid that the corresponding monopoles make the string unstable by cutting it. This depends on the Higgs mechanism and in general the discrete symmetry does not survive if the Higgs field corresponds to the fundamental representation of G.
On the other hand the string will become superconducting if a fermion acquires mass through a Higgs that winds it. Subsequent phase transitions caused by different Higgs fields may produce the disappearance of a previous zero-mode.
A. SO(10)
It has 45 generators and the maximum subgroup SU(5) x U(1). There should be four subsequent breakings with the indicated relevant Higgs multiplets
The second phase transition is due to Φ 126 such that, since the decomposition of this multiplet in SU(5) x U (1) is 126 = 1 5 + ..., the non-vanishing value must be in the 1 5 component. Therefore the only fermion not in the SM, i.e. ν R , will acquire mass. If Φ 126 winds with n = 1 there will be stable infinite Kibble strings, and loops stabilized by the superconducting current of ν R .
The third phase transition does not affect the string because, since it is due to a Φ 45 , and being 45 = 24 0 + ..., an expectation value in 24 0 will not feel the U (1) charge.
On the contrary, the EW transition may have several consequences. Since 10 = 5 1 + 5 −1 , a ϕ 10 with expectation value in 5 1 cannot be constant everywhere because the part of covariant derivative of U(1) would give a divergent string energy. The solution would be that ϕ 10 winds the string but also the Z field will be required, with a coupling g ϕ .
If the winding number of Φ 126 is n and that of ϕ 10 is m, the behaviour of the EW neutral field outside the string must be
because the first term compensates the kinetic contribution of ∇ θ ϕ 10 and the second one the contribution of U (1) gauge field to the covariant derivative of ϕ 10 . But for n = 1 the energy minimization requires m = 0 to reduce the contribution of the magnetic-like field associated to Z, so that ϕ 10 does not wind and therefore no zero-modes appear for ordinary fermions. Moreover ϕ 10 gives rise to a coupling ν R ν L and, since for m = 0 ϕ 10 does not wind, this small massive contribution to the state of ν R makes the corresponding zero-mode disappear so that all the vortons would collapse at the EW phase transition 19 . It must be noticed that the situation would change 
B. E 6
It has 78 generators and its maximum subgroup is SO(10) x U (1). Once this is the valid symmetry, the breaking of U (1) at high temperature and that of SM may be done by 27
such that, since the decomposition of this E 6 multiplet in terms of SO (10) and U (1) is 27 = 1 1 + 10 breaks U (1) and, if it winds, the Kibble string is formed even though, due to the fact that 27 is the fundamental (spinorial) representation, a Z 2 symmetry is not preserved and the infinite string is not absolutely stable. However it is stable enough if the scale η GU T for the breaking of U (1) is at least one order of magnitude lower than that of breaking of E 6 .
Moreover the exotic fermions in 10 with 3 colours and an electron E with its neutrino, get mass at η GU T through a term
and will be the carriers of vortons if Φ 1 1 → η GU T e iθ . On the other hand an expectation value of Higgs in 10 
and in principle its smaller U (1) charge naively seems to prevent its winding as before. But the difference is that now the U (1) charge − e is common to both the independent 5 1 and 5 −1 of SU (5) x U(1), of whose symmetries have opposite charges.
Therefore the covariant derivatives are
If ϕ 5 1 winds at the EW scale as ϕ 5 1 → η EW e imθ , to avoid energy divergence coming from Eq.(50a) it must be
where χ is the contribution from A θ and Z θ . If the minimization of energy favours χ = − 1 2 , from Eq.(51) m = −1 and since ϕ 5 1 gives mass to u and ν they will have zero-modes and the corresponding carriers will run in the direction −z of the string axis. Now from Eq.(50b) with χ = − , ϕ 5 −1 will wind as ϕ 5 −1 → η EW e imθ with m = −1, d and e will have zero-modes and they will be the vorton carriers running along −z of string axis. Therefore, with a scheme based on E 6 , vortons formed at scale η GU T with exotic fermions E and D would remain essentially stable down to scale η EW where would incorporate new carriers either u and ν or d and e.
But if the EW breaking is done with a Higgs in 27 of E 6 which has not only expectation value in its component 10 
which will mix E and D with e and d. Therefore if the situation that minimizes energy is the first described above, i.e. χ = − 1 2 , d and e will have no zero-modes and their mixing with D and E will destroy the zero-modes of the latter producing our baryogenesis mechanism. On the other hand, the new zero-modes of u and ν would be responsible for the quasi-stability of the long vortons from the EW age to our days giving rise, through quantum decay, to a possible source of UHECR. This is in fact what happens. In principle to cancel the large distance covariant derivative of ϕ
Eq.(50) avoiding the divergence of energy, one needs
with c 1 + c 2 = ∓ in both cases to minimize the magnetic energy 
so that, assuming a behaviour ϕ , and therefore higher magnetic energy.
V. Conclusions
If the explanation of UHECR requires the top-down mechanism, this will imply new physics beyond the SM. In the case of the superheavy quasistable particles, possibly indications on the hidden sector of supersymmetry breaking will be given. As for the explanation through cosmic strings GUT will be explored and, particularly with vortons, details of the groups and Higgs breakings may be revealed.
We have shown the feasibility of this last mechanism. Obviously, due to the semiquantitative evaluation of several effects, only orders of magnitude could be given. More accurate analysis must be performed particularly regarding the quantum decay of vortons and precise details of the GUT model which may allow the replacement of exotic fermions by ordinary ones at the EW transition as carriers of superconducting current inside the string, as it has been proved to be favourable in the case of the E 6 symmetry.
Since the features of the UHECR coming from the two quoted alternatives of top-down mechanism are similar due to the fact that they are based on quark hadronization, a deep theoretical study of the models will be useful to falsify some of them.
As for the evidence of sources based on superheavy microscopical objects, particles or vortons, there are analysis 21 to see if there is a possible anisotropy of observed events towards the massive concentration in the galaxy. To determine this, as well as the suggested hard component 22 of the spectrum beyond the GZK cutoff and the required abundance of primary gammas, a much larger statistics is needed as will be supplied by the Auger project 23 .
